Objective: To determine whether a series of new computed tomography (CT)-derived indices are better diagnostic criteria than the classical CT-derived measurements. A second objective is to propose specific or sensitive threshold values of the most accurate criteria for the occurrence of metabolic disturbances. Subjects/Methods: Anthropometric measurements and CT scans were performed in 74 obese subjects. Fat thicknesses, diameters, diagonals and areas were determined. Plasma lipids, insulin, glucose and fat cell size were analyzed. A multivariate regression analysis was performed to determine the most accurate predictor index for metabolic alterations explaining the highest percentage of variance. Results: All the new indices were highly correlated with body mass index, percentage of fat and fat cell size. Subcutaneous thicknesses were greater in women, while internal-coronal and sagittal diameters, visceral adipose tissue (VAT) and internal circumference area were greater in men (Po0.001). Those observations were reinforced by the adipocyte size in both fat depots. Subcutaneous parameters showed the strongest correlation with metabolic alterations, being positively associated with metabolic risk in women and negatively in men. Multivariate regression analysis showed that the best predictor index was the superficial subcutaneous adipose tissue (SSAT) and its relation to visceral area (SSAT/VAT), explaining 42% of total variance for high-density lipoprotein-cholesterol in men and 26% for homeostasis model assessment in women. After receiver operating characteristic-curves analysis, three threshold values for both sexes were proposed to select the most appropriate depending on the clinical situation. Conclusion: For the first time, we have described SSAT and the SSAT/VAT ratio as important indices in obesity-related disturbances. (2009) 63, 887-897; doi:10.1038/ejcn.2008 published online 29 October 2008 Keywords: abdominal fat distribution; superficial subcutaneous adipose tissue; visceral adipose tissue; cardiovascular risk; HOMA index
Introduction
The distribution of body fat has a singular impact on the development of obesity-related alterations, and abdominal fat accumulation represents a risk factor per se. Thus, both localization and type of adipose tissue are crucial features. Indeed, visceral and subcutaneous depots differ considerably from the histological, physiological and metabolic points of view (Tarui et al., 1991) . Visceral adipose tissue (VAT) forms the omentum and mesenterium in the peritoneal cavity, and comprises approximately 20% of total fat mass (Conway et al., 1995) , whereas subcutaneous adipose tissue (SAT) is situated just below the skin.
Computed tomography (CT) scans have shown that the Camper's fascia divides SAT into superficial SAT (SSAT), located in the space immediately underlying the skin and overlying the abdominal wall fascia, and the deep-SAT (DSAT), which is situated in the space immediately underlying the fascia and overlying the parietal peritoneum. These depots are morphologically different (Johnson et al., 1996) ; for instance, fat lobules of the superficial layer are tightly packed, whereas those of the deep layer are large, irregular and less organized (Markman and Barton, 1987) .
Classically, abdominal obesity, closely associated with visceral fat, has been better correlated with many complications of obesity than body mass index (BMI) (Ohlson et al., 1985) , including as coronary artery disease and insulin resistance (Bjorntorp, 1990; Lillioja et al., 1993; Chan et al., 1994) . However, several researchers have cast doubt on the hypothesis that VAT alone is responsible for the metabolic complications of obesity (Frayn et al., 1997; Seidell and Bouchard, 1997; Zimmet et al., 2005) , whereas others suggest that SAT may play a role in the pathophysiology of insulin resistance (Abate et al., 1995 (Abate et al., , 1996 .
It is possible, as suggested by Enevoldsen et al., 2001 , and by our research group (Garaulet et al., 2006) , that it is the relative mass of fat compartments, and not their absolute size, that is the major determinant of their overall metabolic impact, so the classical ratio visceral area over subcutaneous area (VAT/SAT) measured at the level of the umbilicus has been postulated to be a good diagnostic criterion for metabolic disturbances (Fujioka et al., 1987) .
In light of these unresolved questions, the objective of this study was to determine whether a series of new CT-derived indices are better diagnostic criteria than the classical CT-derived measurements, and, secondly, to propose specific or sensitive threshold values of the best criterion for the occurrence of biochemical abnormalities in overweight/obese patients.
Subjects and methods

Subjects
We studied 74 subjects, 23 men and 51 women, aged 40-70 years, who presented overweight and/or obesity (BMI 25-35 kg/m 2 ). The patients were selected from the outpatients of the General Endocrinology Service of the 'Virgen de la Arrixaca' University Hospital. These patients underwent CT.
All subjects gave their written informed consent, and the study was approved by the Ethics Committee of the hospital.
Anthropometrical measurements
According to SEEDO 2007 Consensus (Salas-Salvado et al., 2007 , body weight was measured by a clinical scale with 100 g recess, with the subject undressed and bare-footed, with evacuated bladder and rectum. Body height was measured with a Harpender digital stadiometer (0.7-2.05 m range), and BMI was calculated. Body fat distribution was assessed by measuring waist circumference at the level of the umbilicus and hip circumference over the widest part of the greater trocanters.
Skinfold thicknesses (biceps, triceps, subscapular and suprailiac) were measured with a Harpender calliper (Holtain Ltd., Bryberian, Crymmych, Pembrokeshire). Measurements were performed, on the right side of the body with the subject standing up in a relaxed position and by the same person three times but not consecutively. Body fat percentage was calculated from Siri's equation (Siri, 1961) .
Computed tomography
Computed tomography was made following Sjöstrom technique (Sjostrom, 1991) using a TOSHIBA scanner (model CBTB007A Toshiba Corporation 1385-1. Shimoshiqui, Otowawara). A 10 mm scan was taken in L4-L5, with a matrix of 512 Â 512, with a width of 300 Hounsfield units (HU) and a center of 40 HU. MIP-Microm Image Processing (Microm Spain) was used for image processing.
From the images, the following measurements were taken ( Figure 1a ): lateral-subcutaneous thicknesses (a1, a2, a3 and a4, level. Parameters a1-a4 are distances measured along subcutaneous thicknesses; d1, coronal diameter; d2, sagittal diameter; d3, visceral area coronal diameter; d4, visceral area sagittal diameter; E1, left to right diagonal; E2, right to left diagonal; L, P and B refer to the lines drawn from the junction between erector spinae and quadratus lumborum. (b) Picture showing SSAT and DSAT areas (SSAT and DSAT, respectively) performed on CT images.
taken from the edge of the visceral area to the skin line); diameters d1 (coronal diameter), d2 (sagittal diameter), d3 (visceral or internal area coronal diameter) and d4 (visceral or internal area sagittal diameter); and diagonals E1 (left to right) and E2 (right to left), which are tangent to L4 vertebra. In addition, the following posterolateral thicknesses of subcutaneous fat were taken: lateral (L) and posterior (P) distances from the junction between the erector spinae and quadratus lumborum perpendicular to the skin, as well as the bisector (B) of the angle formed by these two lines.
The total fat area within the regions under study was obtained calculating the pixels proportion used in the fat density range (À190 to À30 HU). The visceral and subcutaneous fat areas (VAT and SAT) were calculated (Figure 1b) . Using an electronic cursor, the circumferences of DSAT and SSAT were drawn. DSAT was delimited between Camper's fascia and Scarpa's fascia, and SSAT was delimited between Camper's fascia and the skin limit ( Figure 1b) . Finally, the internal circumference area (ICA) was determined by delimiting the visceral compartment including viscera, bone, muscle, air, fluids and fat.
From the obtained data the following ratios were calculated: VAT/SAT, DSAT/SAT, SSAT/SAT, DSAT/VAT and SSAT/VAT.
Blood determinations
Plasma concentrations of triglycerides, total cholesterol, highdensity lipoprotein cholesterol (HDL-c) and low-density lipoprotein cholesterol were determined with commercial kits (Roche Diagnostics GmbH, Mannheim, Germany). Insulin was determined by IRMA with reagents from Biosource (Fleurus, Belgium). The sensitivity of the method was 1 mIU/ml. The intra-assay coefficient of variation was 4.5% at a serum insulin concentration of 6.6 mIU/ml and 2.1% at 53 mIU/ml. Serum glucose concentration was measured by the glucose oxidase method. The homeostasis model assessment (HOMA) index of insulin resistance was calculated with the accepted formula: HOMA ¼ fasting glucose (mmol/l) * fasting insulin (mIU/l)/ 22.5 (Ascaso et al., 2001) .
A cardiovascular risk score was calculated including the serum values of triglycerides, total cholesterol, HDL-c, lowdensity lipoprotein cholesterol, low-density lipoprotein/ HDL index and fasting glucose and insulin. Each parameter was divided in quintiles, and was punctuated from 1 to 5 depending on the quintile in which was each subject. For each parameter except for the HDL-c values, the 20% of the lowest values were appointed as quintile number 1, and so on. For the HDL-c values, the quintiles were assigned in the reverse order, being the quintile number 1 the 20% of the highest HDL-c values. The risk score was calculated as the sum of quintiles of each parameter.
Fat cell size measurement
Abdominal adipose tissue samples were obtained during surgery. Subcutaneous samples were taken from the periumbilical region, and intra-abdominal samples were taken from the omental fat. Samples were stored at À70 1C until just before analysis. Adipocyte sizes of different regions were determined according to Sjöström et al., 1971 .
Statistical analysis
Data are expressed as mean ± s.d. Analyses were performed in the whole population and also by dividing subjects according to gender.
In the first step of the statistical process, a factorial analysis was performed and we determined that age was not related to outcomes of interest. Second, bivariate correlation analysis was performed between CT-parameter, anthropometric data and subcutaneous and visceral fat cell size. The same analysis was performed between CT-parameters and metabolic risk factors.
Next, we performed a multivariate linear regression analysis with those variables, which showed statistical significance in the correlation analysis. Taking into account the statistical differences of the CT-parameters between genders, analysis was performed by sex. The risk factors were considered as dependent variables, and the CT-parameters were the independent variables or covariates. Those covariates were introduced in the linear regression model one by one, and those variables that showed the highest R 2 were included in model 1. Next, the selected variable was again introduced in the multivariate linear regression analysis and again each CT-parameter was introduced into the model, and those variables with highest R 2 were selected for inclusion in model 2. In model 3, we retained the two variables already selected, and the other CT-parameters were also tested, and so on. The models that obtained the maximum R 2 values with the minimum number of covariates were considered the best independent predictor of cardiovascular risk and insulin-resistance variables. In those cases in which model 2 did not improve the statistical significance, only model 1 was selected. Finally, we assessed the cutoff values for the best CTparameter using the analysis of receiver operating characteristic (ROC) curve. By provisionally varying the cutoff values, we calculated the sensitivities and specificities for each value. The overall performance of the ROC analysis was quantified by computing the area under the curve and 95% confidence interval. Area under the curve of 1 indicates perfect performance (the ROC curve will reach the upper left corner of the plot), whereas 0.5 indicates a performance that was not significantly different from chance.
Statistical significance was defined with P-values o0.05. SPSS 13.0 for Windows (SPSS Inc., Chicago, USA) was used in all analyses.
parameters of the studied population. We found significantly higher values of hip circumference and fat percentage in women. Regarding risk factors, women had significantly higher values of insulin and cholesterol than men. It is important to note that the high HOMA index value in women, indicating an insulin resistant state in this group. Fat cell size was higher in subcutaneous than in visceral fat for women (Po0.05), while men showed the opposite trend.
Most of the CT-parameters proposed were correlated with BMI, percentage of body fat, and waist and hip circumferences, and they were highly correlated among in both sexes (Appendix 1A-1D). We found higher values of subcutaneous thicknesses (a1, a2, a3 and a4) and postero-lateral distances (L, P and B) in women than in men (Table 1 ). In men, the ventral subcutaneous thickness (a4) was significantly higher than the lateral (a1 and a2) and the dorsal thicknesses (a3), and was correlated with BMI and fat percentage (r ¼ 0.440; P ¼ o0.001; r ¼ 0.481; P ¼ 0.001, respectively) but this situation was not reproduced in women. Moreover, internal-coronal and internal-sagittal diameters (d3, d4) were greater in men.
When we analyzed the area occupied by fat in the different compartments, we observed again greater subcutaneous fat accumulation in women, as indicated by significantly higher SAT, DSAT and SSAT values, whereas VAT and ICA were more elevated in men. Moreover, VAT was positively related with BMI but only in men (r ¼ 0.473; P ¼ 0.001) (Appendix 1A). With respect to the new indices and as a result of this subcutaneous fat, women showed significantly greater values in the subcutaneous fat-derived ones, such as SSAT/SAT, DSAT/VAT and SSAT/VAT (Table 1) , with the exception of DSAT/SAT index, which was higher in men.
Relation among CT parameters and fat cell size In women, subcutaneous adipocyte size was positively associated with different subcutaneous CT-parameters such as: subcutaneous distance a2 (r ¼ 0.374; P ¼ 0.046); coronal diameter d1 (r ¼ 0.369, P ¼ 0.049); internal-coronal diameter d2 (r ¼ 0.414; P ¼ 0.026); posterior-subcutaneous distance P (r ¼ 0.456; P ¼ 0.013) and DSAT/SAT ratio (r ¼ 0.390; P ¼ 0.036). Among men, the only positive correlation with SAT adipocyte size was with subcutaneous distance a2 (r ¼ 0.491; P ¼ 0.045), which was also correlated with visceral fat cell size (r ¼ 0.850; P ¼ 0.032).
With respect to the visceral adipocyte size in women, significant correlations were found with both sagittal diameters d3 and d4 (r ¼ 0.393; P ¼ 0.022 and r ¼ 0.452; P ¼ 0.007, respectively); internal-coronal diameter (d2) (r ¼ 0.356; P ¼ 0.039), VAT (r ¼ 0.470, P ¼ 0.005) and ICA (r ¼ 0.476; P ¼ 0.004). The VAT/SAT ratio was also positively correlated with visceral fat cell size (r ¼ 0.343; P ¼ 0.047).
Relation among CT parameters and metabolic risk factors
In both sexes, most of the significant associations were obtained with subcutaneous fat parameters (Appendices 2a and 2b).
With respect to insulin-resistance variables, glucose concentrations in men were correlated negatively with the different subcutaneous-derived parameters, as SAT (r ¼ À0.572; P ¼ 0.004); posterior-subcutaneous distance P (r ¼ 0.538; P ¼ 0.008), and sagittal diameter (r ¼ À0.538; P ¼ 0.008); in women, the SSAT/VAT ratio was highly and positively correlated with HOMA index (r ¼ 0.512; P ¼ o0.001) (Appendix 2b).
Among the lipids variables, HDL-c plasma concentrations in men showed positive correlation with subcutaneous indices, especially the ratio SSAT/VAT (r ¼ 0.648; P ¼ 0.002); by contrary, HDL-c levels were correlated inversely with ICA (r ¼ À0.522; P ¼ 0.018) and triglycerides levels were negatively correlated with subcutaneous distance a4 (r ¼ À0.426; P ¼ 0.043) (Appendix 2a).
No significant correlations were found when the calculated 'risk score' was correlated to the different CT distances, areas and indexes.
The results of the multivariate regression analysis are presented in Tables 3 and 4 . These data reinforce the importance of SSAT/VAT ratio for HDL-c in men, which explains up to 42% of total variance. In women, this ratio explains 26% of HOMA index variability. This analysis introduces important CT-parameters, such as subcutaneous fat thicknesses and areas in both sexes (a1, a4, P); and visceral fat indicators as sagittal diameter (d2) and ICA, only for men (Table 3) .
ROC analysis
Once the relevance of SSAT/VAT ratio was identified, and consequently the SSAT area was determined, a ROC curve analysis was performed.
For SSAT, areas under the curve for both HOMA index and HDL-c values were 0.60 and 0.65 respectively. For instead the SSAT/VAT ratio, areas under the curve for both HOMA index and HDL-c values were 0.55 and 0.70, respectively. Table 5 summarizes the threshold values with (a) the highest sensitivity (b) the maximum specificity points and (c) the best compromise between good sensitivity and specificity for both indices in men and women.
Discussion
The aim of this study was to analyze a set of new single-CTderived measurements, and to identify the best predictor of New computed tomography-derived indices C Piernas et al metabolic abnormalities in overweight/obese men and women. As sex is the most important factor regulating fat distribution, we analyzed data in men and women separately. All the indices proposed clearly discriminated between sexes. With respect to abdominal fat distribution, women accumulated a higher quantity of subcutaneous fat, containing SSAT and DSAT areas of similar size. In men, DSAT accounted for near 60% of total subcutaneous area. These data as a whole clearly indicate a sexual dimorphism in body fat distribution, with a preferential subcutaneous fat accumulation in women, and visceral in men. Indeed, DSAT/SAT ratio was also higher in men, indicating that men accumulate proportionally more fat in the deep subcutaneous depot than women, as was previously described by the studies of Markman and Barton, 1987; . Attending to visceral fat parameters (VAT, ICA), men had a higher intra-abdominal fat accumulation than women. These intra-abdominal CT-parameters were positively associated with BMI only in men, but not in women, so it is essential to note that visceral fat enlargement is limited by anatomical barriers (Abate et al., 1995) . Additionally, women protect themselves with a concomitant enlargement of subcutaneous fat from an increase in visceral fat until a certain degree of obesity is exceeded (Lemieux et al., 1993) .
What is surprising about the measurements is the considerable variation in the thicknesses of subcutaneous fat in the different regions of the torso. For instance, the a4 subcutaneous thickness was the thinnest in women, and the thickest in men, and while it was correlated with the degree of obesity in men (BMI and %fat), no correlation was found in women, highlighting the importance of ventral subcutaneous fat in the differentiation between sexes.
It is noteworthy that in the patients studied, the greater subcutaneous thicknesses were located in the postero-lateral regions (P, B and L). The metabolic relevance of this issue has been widely questioned. Misra et al. (1997) reported that subcutaneous fat located in the posterior half of the abdominal wall was more strongly related to insulin resistance than the subcutaneous fat located in the anterior half; the explanation was that posterior-subcutaneous fat area may largely represent the deep-subcutaneous depot, an issue confirmed in this study as was shown in the CT-slides. However, Alexander and Dugdale (1992) found almost 80% of the subcutaneous tissue in the anterior abdominal region to be within the deep fat compartment. These contradictory data could be due to differences in the degree of obesity between subjects.
In the prediction of metabolic disturbances applying the new parameters studied, we found that, in both sexes, most of the significant associations were obtained with SAT parameters, and mostly with the SSAT, reinforcing the relevance of this location in the metabolic risk.
Indeed, in the women studied, the strongest independent predictor of insulin resistance was the SSAT/VAT ratio, which was highly and positively associated with HOMA index, being in clear contradiction with the previous studies of Abbreviations: LDL-c, low-density lipoprotein cholesterol; HOMA index, homeostasis model assessment of insulin resistance; parameters a1 and a4 are distances measured along subcutaneous thicknesses; P refers to the lines drawn from the junction between erector spinae and quadratus lumborum; E2, right to left diagonal; VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue; SSAT, superficial subcutaneous adipose tissue. New computed tomography-derived indices C Piernas et al Smith et al. (2001) , and Kelley et al. (2000) , who have defined DSAT as the major contributor to the metabolic impairment associated with obesity, and compare the metabolic impact of this area to that from the VAT. However, in the study of Lovejoy et al. (2001) , SSAT was the strongest predictor of fasting glucose in white women. We note that in the studies of Smith et al. (2001) and Kelley et al. (2000) , the VAT and DSAT areas were much greater than in this study. This excess of fat in both depots could mask the relative impact of the SSAT region. We could then speculate that unless a critical VAT and/or DSAT area is reached, the most relevant layer is SSAT, but when the thresholds are exceeded, VAT or DSAT assume the greatest importance. The findings that both the pharmacological activation (Okuno et al., 1998) and impaired function of the adipogenic transcription factor PPAR-g result in improved insulin sensitivity, in parallel with a reduction in mean adipocyte size from the subcutaneous depot (Kubota et al., 1999) , have sparked renewed interest in the association between subcutaneous area and glucose homeostasis. Normal-weight subjects have a SSAT characterized by small tightly packed adipocytes. In this regard, the increase in adipocyte size in SSAT in the obese women studied could be accounting for the positive associations between this fat area and the insulin-resistance parameters observed in this study. In fact, our data show that subcutaneous fat cell size was greater than that found in normal-weight populations (Bjorntorp and Sjostrom, 1971) . On the other hand, the women studied showed the greater fat cell size in superficial-subcutaneous fat, while in men it was visceral depot which showed the largest adipocytes, and adipocyte sizes. Moreover, in women, important associations were found between the subcutaneous fat cell size and the subcutaneous distances, diameters and areas, showing that the increase of subcutaneous fat accumulation is due to an increase in fat cell size. These data could explain the detrimental role of SSAT in the women studied.
In men, the SSAT/VAT ratio showed the strongest correlations with HDL-c. On the other hand, ventral subcutaneous thickness (a4) was inversely related to total triglycerides concentrations. However, in all cases, and in contrast to our findings in women, these subcutaneous-derived variables behaved as protective parameters against metabolic disturbances, while visceral parameters, such as the ICA, were related to lower HDL-c, increasing the cardiovascular risk.
Although VAT has been reported classically as the most harmful compartment (Despres et al., 1989; Pouliot et al., 1992) , most epidemiological evidence based on anthropometric indicators, shows that implications for VAT accumulation may be ambiguous. In addition, discriminating VAT in a single CT-scan is a hardworking and complex task (Frayn et al., 1997; Seidell and Bouchard, 1997) . In fact, in this study, we found significant correlations between ICA and HDL-c in men, while no significant relationship was found with VAT or the classical index VAT/SAT proposed by Tarui et al. (1991) . This is likely to be the easier measurement of ICA (a single line) compared to that of VAT (grey-scale discrimination and line drawing). We suggest for future studies the use of ICA instead of VAT.
In this context, the threshold value for fat accumulation to predict cardiovascular risk has been reported to be 130 cm 2 for VAT (Lemieux et al., 1996) . To date, no previous study has described a similar threshold value for superficial or deep subcutaneous compartments. Therefore, our data showed three threshold values for SSAT for both sexes: one for the highest sensitivity, other for the highest specificity and the last one that corresponds to the best compromise between good sensitivity and specificity to facilitate the selection of the most accurate threshold value depending on the study. For those studies that need to detect those patients with metabolic risk, the highest specificity value should be chosen. However, if the objective is to discard those patients in risk, the highest sensibility value should be selected. To achieve both objectives, the last threshold should be used.
Our results demonstrate that SSAT/VAT is the major determinant of the overall metabolic impact. This is the first time that this index has been proposed in the literature. In this regard, our data revealed a threshold value 2.85 for women and 0.46 for men taking into account both sensitivities and specificities. The fact that the SSAT/VAT ratio is the best predictor of metabolic risk, even better than SSAT alone, reinforces the importance of the relationships between areas. It is possible, as suggested by Enevoldsen et al., 2001 , and our own group (Garaulet et al., 2006) , that the relative mass of fat compartments is a major determinant of their overall metabolic impact in a given population.
In conclusion, our data show an unexpected role of the SSAT and specifically of the accumulation of SSAT relative to VAT, in the development of insulin resistance in women, which could be related to the increased of fat cell size. In men, SSAT seems to play a protective role. We advise that the clinical practice guidelines for various diseases, currently based on VAT or VAT/SAT values, be modified for the inclusion of SSAT or SSAT/VAT, particularly for use in predicting insulin-resistant state in women. Abbreviations: LDL-c, low-density lipoprotein-cholesterol; HOMA index, homeostasis model assessment of insulin resistance; Parameters a1 to a4 are distances measured along subcutaneous thicknesses; d1, coronal diameter; P and B refer to the lines drawn from the junction between erector spinae and quadratus lumborum; E2, right to left diagonal; VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue; DSAT, deep subcutaneous adipose tissue; SSAT, superficial subcutaneous adipose tissue. NS, nonsignificant. r, correlation coefficients. Bold characters indicate significant correlations.
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